Abstract: A new method of porous polymer structure formation by means of phase separation of two polymers with different degradation rates is proposed. Aromatic polyesters of oxalic acid as fast degradable polymers were synthesized and their degradation properties under alkaline conditions were studied. Heterogeneous mixtures of poly(phenolphthalein oxalate) with poly(lactic acid) were prepared by solution phase separation and co-precipitation, and porous poly(lactic acid) samples were produced by polyoxalate leaching due to its fast degradation.
Introduction
Making porous polymer materials with pores of different size, shape and morphology is a very important area of polymer science and technology. Porous films with nanoand micropores are widely used as membranes and filters. Polymer microporous matrixes find an application as sorbents for separation of biomacromolecules etc. Polymer materials with macropores (foams and sponges) are widely used in different areas.
In the past time, processing of biodegradable polymers in mesoporous matrixes attracted attention of a great number of research teams working in tissue engineering. These materials with pores of 300 -500 µm (scaffolds) are seeded with cells, which proliferate forming a piece of tissue to be implanted while the polymer matrix degrades.
Scaffolds and polymers for their manufacturing should meet a whole set of requirements. Very important requirements are a high degree of porosity, satisfactory mechanical properties and a specific morphology of the pores. The last item is of special importance when constructing anisotropic tissues. Many approaches have been developed to form mesoporous polymeric scaffolds, but all of them may be divided in three large groups:
-Formation of mesoporous foams with use of different blowing agents 1 -Preparation of a mesoporous matrix by leaching of included low molecular weight compounds (as a rule, salt) -Pores formation during freeze-drying of polymer solutions
In the present paper we demonstrate a possibility to form a mesoporous polymeric matrix due to phase separation of two chemically different polymers in a common solvent. The emulsion of one polymer in a continuous phase of another one is precipitated with retention of the heterogeneous structure. Then the polymer forming dispersed phase might be selectively degraded to form a porous polymer matrix of the first polymer.
In order to demonstrate that this approach works in principle, we used common biodegradable poly(lactic acid) as a matrix polymer and aromatic polyoxalates as a model leachable polymer with much higher degradation rate. Aromatic polyesters of oxalic acid are known to be easily hydrolysable especially in alkaline conditions. This property of polyoxalates could be used for the chemical synthesis of new monomers and polymers [1, 2] . The high degradation rate of polyoxalates allows their selective removal from a mixture with another polymer by means of degradation leaching with alkaline solution.
Most polymers are incompatible (immiscible) and undergo phase separation when they are mixed in bulk or in solution [3] . The two phase-separated polymers form a heterogeneous structure; in solution it is an emulsion with droplets of one polymer solution in a continuous phase of another polymer solution [4, 5] . The size of these droplets can be controlled by stirring rate, adding emulsifiers etc. The structure of such a system could be fixed by fast co-precipitation of the emulsion of both polymers into a non-solvent. After that, one of the polymers could be removed from this mixture to form a porous structure. This method of porous polymer structure formation is alternative to common methods like freeze-drying, salt leaching and using the gas blowing technique [6] [7] [8] [9] [10] .
In this paper we describe the synthesis and degradation properties of some aromatic polyoxalates, as well as the preparation of heterogeneous mixtures with poly(D,Llactic acid) (PDLLA) and porous PDLLA structure formation by means of degradation leaching of polyoxalate.
Results and discussion
Polymers of oxalic acid and aromatic diols (bisphenols) were synthesized by solution acceptor polycondensation of corresponding diols and oxalyl chloride. Different chlorinated solvents were tested for the synthesis (such as 1,2-dichloroethane, symm. tetrachloroethane, methylene chloride) and the best results were obtained in chloroform. Structures of the polymers were proved with NMR spectroscopy. General properties of the polymers are summarized in Tab. 1.
Most of the polymers appeared to have poor solubility in common organic solvents. Only polymers with phenolphthalein fragments were soluble in chlorinated solvents. Most of the polymers have relatively low molecular weight (estimated from visometry data; [η] about 0.1 dl/g in CHCl 3 ).
Aromatic polyesters of oxalic acid appeared to be very unstable. They degrade while staying at the air for three to four days and could be stored in a desiccator only. We have studied the rate of heterogeneous hydrolysis of poly(phenolphthalein oxalate) (PPO) pressed pellets in different alkaline solutions. Release of phenolphthalein was measured by means of photometry at the wavelength of phenolphthalein absorption (555 nm). The polymer was degraded very fast (less than 24 h for 80% of monomer release) at pH > 9. The fastest hydrolysis of PPO was observed in alcohol-containing solution. At pH 7 -9 polymer was degraded too, but phenolphthalein has a low solubility in such solutions so that oxalic acid was released in solution and phenolphthalein powder was formed. 
The rate of hydrolysis depends also on the concentration of alkali in the reaction medium. Kinetics of phenolphthalein release from PPO pressed pellets in four alkaline solutions with pH 11.3 -11.5 are shown in Fig. 1 . Fig. 1 . Kinetics of phenolphthalein release from PPO under different degradation conditions Aromatic polyesters, namely PPO and poly(phenolphthalein terephthalate) (PPT) were immiscible with PDLLA in solution. Solutions of the polymers in chloroform or methylene chloride were prepared separately and mixed together. Emulsions were formed and the mixtures were separated to two phases after staying. Phase separation took place only in concentrated polymer solutions; in dilute solution the polymers were fully miscible. For PPO-PDLLA system we used 8 mass-% PDLLA and 15 -20 mass-% PPO solutions. Determination of miscibility limits for this tertiary system was complicated by PPO degradation (partially degraded PPO formed no clear solution or did not dissolve in chloroform). Experiments on miscibility in solution were performed on the stable model polymer system PPT -PDLLA -chloroform. For this system a phase diagram was constructed, which is shown in Fig. 2 . Phase compositions for several PPO-PDLLA mixtures are given in Tab. 2. Heterogeneous mixtures of PDLLA with PPO were prepared by co-precipitation from emulsion of an immiscible solution of both polymers in a common solvent (chloro-4 form). Both solutions were mixed in a small vessel and an emulsion was formed. Initial droplet size was about several microns but on standing for 10 -15 min droplets with a size of about 100 -200 microns were formed. This emulsion was quickly poured into petroleum ether. Several mixtures with different PPO content (50 -90 mass-%) were prepared. Since PPO could easily be removed by alkaline hydrolysis, porous PDLLA samples could be prepared.
We prepared heterogeneous disks from PPO-PDLLA mixtures. These disks were placed into alkaline solutions to remove PPO from the PDLLA matrix. Kinetics of phenolphthalein release from these samples is shown in Figs. 3, 4 and 5. The rate of phenolphthalein release from the PDLLA matrix is about one order of magnitude lower as compared with neat PPO. About two or three weeks are required for 100% removal of PPO. The most probable reason of such slow release is diffusion from the PDLLA matrix, especially in static conditions. Porous PDLLA samples were obtained with a porosity degree up to 90%. The absence of PPO or phenolphthalein in the samples obtained was proved with PMR spectroscopy (residual PPO in the PDLLA matrix did not exceed 1%). Since degradation conditions were relatively hard, considerable PDLLA degradation was expected to take place while removing PPO. This was controlled by viscosity measurements: the initial intrinsic viscosity of PDLLA was 0.84 dl/g (M η = 140 000), after 310 h (in 0.5 M Na 2 CO 3 +20% C 2 H 5 OH) it was 0.20 dl/g (M η = 13 000) (resulting porous pellet with about 90% porosity). It is evident that a fast degradable polymer for the developed method should degrade under conditions different from those of the matrix polymer. The resulting porous structure of PDLLA samples is shown in microphotographs 1 and 2 ( Fig. 6 ). 
Experimental part
Poly(D,L-lactic acid) was obtained by ring opening polymerization of D,L-lactide with zinc lactate at 130°C for 100 h [11] . A molecular weight of 140 000 was estimated from viscometry data ([η] = 0.84 dl/g in CHCl 3 at 25°C) [12] .
Aromatic polyoxalates were obtained by solution polycondensation of bisphenols with oxalyl chloride [13] . The typical procedure was as follows: To a chilled solution of 0.015 mol (4.78 g) phenolphthalein in 20 ml chloroform containing 2.45 g of pyridine, a solution of 0.016 mol (1.35 ml) oxalyl chloride in 12 ml of chloroform was added dropwise during 2 -2.5 h. The reaction mixture was poured into 100 ml of isopropyl alcohol. The polymer was washed with isopropyl alcohol and hexane, dried and stored in a vacuum desiccator over CaCl 2 .
Poly 
